The surface morphology of GaN epitaxial films grown by plasma-assisted molecular-beam epitaxy has been investigated. We found that the surface morphology was sensitive to the N to Ga flux ratio ͑N/Ga͒ when grown at a high temperature ͑i.e., 788°C͒. At that temperature, we did not observe large sized Ga droplets on the surface even at Ga-rich conditions. Furthermore, we found a transition from two-dimensional ͑2D͒ to three-dimensional ͑3D͒ growth in the intermediate Ga-stable regime. The slope of the growth rate was different: Slopeϭ(0.39Ϯ0.06) was observed in the 2D-growth mode and (0.14Ϯ0.03) in the 3D-growth mode. In the high N/Ga ratio, the total dislocation concentration was reduced, and the mixed threading dislocation concentration had a minimum value at N/Gaϭ22.5. By comparing with the Hall carrier concentration results, we found that the mixed threading dislocations influence the number of electronic carriers.
I. INTRODUCTION
GaN-based III-V materials have attracted great attention not only for their device applications ͑e.g., short-wavelength optical devices, and high-power, high-temperature electronic devices͒, 1,2 but also for their physical properties. 3, 4 Since there exist a lattice mismatch and a difference in the thermal expansion coefficient between GaN and substrate ͑e.g., sapphire͒, the GaN films generally contain a large number of defects and threading dislocations. [5] [6] [7] [8] On the other hand, the density of the threading dislocations can be reduced, apparently, if a template is used before the growth of GaN epitaxial films. 9 Recently, an appropriate substrate, e.g., Si͑111͒, has been used to grow dislocation-free nanoscaled GaN quantum rods. 10 However, the GaN heterostructure grown on sapphire is one of the most common structures for the device applications. The growth of device-quality GaN heterostructure becomes important in the study of GaN materials. In the fabrication, the control of surface growth is the major factor required to achieve high-quality heterostructure for the device applications. Heying and co-workers 9 showed that the typical surface morphologies of the GaN layers, grown by either metalorganic chemical vapor deposition ͑MOCVD͒ or molecular-beam epitaxy ͑MBE͒, were dominated by three dislocation-mediated surface structures ͑i.e., pinned steps, spiral hillocks, and surface depressions͒. During the growth of GaN films by MBE, they found that the formation of these surface structures was dependent on the Ga/N flux ratio. It is believed that both the shallow surface depressions and the nearly straight pinned steps ͑terminated by screw-type threading dislocations͒ are created on the surfaces of MOCVD-grown GaN, but the spiral growth hillocks ͑associ-ated with mixed threading dislocations͒ are found to dominate the surfaces of the MBE-grown GaN. 11 In addition, Namkoong and co-workers 12 found that the different nitridation temperatures in the growth by plasma-assisted MBE ͑e.g., ranging from 100 to 700°C͒, could result in an impact on the structural, chemical, and optical properties of GaN epitaxial films. The surface growth diagram for the Ga/N ratio versus substrate temperature had been determined as well. 13 For the substrate temperatures ranging from 550 to 700°C, three growth regimes were identified: ͑i͒ Ga droplets Ga-stable regime, ͑ii͒ intermediate Ga-stable regime, and ͑iii͒ N-stable regime. The boundary between the N-stable regime ͑low Ga/N ratios͒ and the Ga-stable regimes was determined by the growth rate of the films and was constant for the substrate temperatures from 550 to 700°C. The boundary between the two Ga-stable regimes was determined by the formation of Ga droplets and has an Arrhenius dependence with substrate temperature ͑see Fig. 1 14 were able to grow a GaN film with a mobility greater than 1150 cm 2 /V s. At temperatures higher than 720°C, they estimated that both boundaries became Arrhenius dependent. However, it still lacks of information about GaN surface morphology for the substrate temperatures higher than 780°C. In this article, we present the results of GaN surface morphology grown at the substrate temperature of 788°C by plasma-assisted MBE. At the low N/Ga beam equivalent pressure ͑BEP͒ ratio ͑e.g., N/Gaϭ15.0), we found that GaN surface was smooth and flat with very few Ga droplets on the surface, and the growth mechanism is based on a two-dimensional ͑2D͒ mode. Here, we used the N/Ga BEP ratio, for the reason of convenience, to represent the flux ratio, which was used in Ref. 14. As the N/Ga beam equivalent pressure ratio increased to 30.0, large flat mesas, which were composed of steps and terraces, appeared on the surface. As N/Gaϭ35.0, the diameter of the terraces became smaller, but the height continued to increase, resulting in high-aspect-ratio mesas. The growth mechanism turned to a three-dimensional ͑3D͒ mode. The growth rate between the two modes was different. The characteristics of these samples were analyzed by high-resolution x-ray diffraction ͑HRXRD͒, photoluminescence ͑PL͒, and Hall effect measurements.
II. EXPERIMENT
The GaN epitaxial films were grown on c-sapphire surface using plasma-assisted MBE ͑Veeco EPI 930 system͒. Ultra-high pure nitrogen gas ͑99.9999% purity͒ was supplied for the radio-frequency ͑rf͒ plasma source through a mass flow controller. The Ga source ͑99.99995% purity͒ was loaded in a conventional Knudsen cell. The base pressure in MBE chamber was pumped below 3ϫ10 Ϫ11 Torr using a cryogenic pump. To enhance heat conduction for the indiumfree molybdenum holder, the rear sides of sapphire substrates were coated with 1-m-thick molybdenum. The substrate temperature was measured by a pyrometer. The sapphire substrates were degreased with acetone, isopropanol, distilled water, and then with chemical light etched in the solution of H 2 SO 4 :H 3 PO 4 ϭ3:1 at 120°C for 10 min. The substrates were then sent into the growth chamber and annealed at 806°C for 10 min. The growth parameters for the nitridated procedure and low-temperature GaN buffer layer were kept at the same conditions during the growth of these samples used in this study. For instance, the substrate temperature for nitridation was 200°C, the BEP of nitrogen (N BEP ) was 1.2 ϫ10 Ϫ5 Torr, and the power of rf plasma was 400 W. For the low-temperature GaN buffer layer, the growth temperature was 466°C, the BEP for nitrogen (N BEP ) and Ga (Ga BEP ) were 8.0ϫ10
Ϫ6 and 4.0ϫ10 Ϫ7 Torr, respectively, and the power of rf plasma was set to 500 W. Before depositing GaN epitaxial layer, the samples of buffer layers were annealed at 806°C for 10 min, again. Here, we varied the N BEP from 0.6 to 1.4ϫ10 Ϫ5 Torr and held the Ga BEP constant (4.0 ϫ10 Ϫ7 Torr) to obtain the BEP ratio of N/Ga. The ratios for the series of samples were 15.0, 17.5, 22.5, 30.0, and 35.0, in which the case of N/Gaϭ15.0 was more likely a Ga-rich condition and that of N/Gaϭ35.0 was N rich. The other parameters ͑e.g., the growth temperature was 788°C, the duration of deposition was 3 h, and the power of rf-plasma was 500 W͒ were kept the same at the growth of GaN epilayers. After the growth, the microstructure of the samples was characterized in situ by reflection high-energy electron diffraction ͑RHEED͒, and ex situ by cross-sectional transmission electron microscopy ͑TEM͒, field-emission scanning electron microscopy ͑FESEM͒, and HRXRD. The electronic properties of these samples were analyzed by PL and van der Pauw Hall measurements.
III. RESULTS AND DISCUSSION
The sapphire substrates were carefully prepared before the deposition of GaN epitaxial layers. From the RHEED patterns, measured after the nitridation and before/after annealing of the low-temperature GaN buffer layer, we ensured that the annealed GaN buffer layers were well prepared for the growth and ready to deposit the GaN epitaxial thin films on. The thickness of the low-temperature GaN buffer was, on an average, about 20 nm, determined from the crosssectional FESEM image. The GaN epitaxial films were then grown on these well-prepared wafers with different N/Ga ratios. After 3 h of deposition, all of the samples were transparent, indicating that the GaN surfaces were free of oxidation or contamination. Figure 1͑a͒ shows the RHEED patterns after the growth of GaN epitaxial film under the different N/Ga ratios, which were observed at room temperature along sapphire ͓21 1 0͔ azimuth. The pattern for the case of N/Gaϭ15.0 shows several secondary streaky patterns besides the major ones. This type of pattern consists of a 6ϫ6 reconstructed surface induced by the excess Ga atoms in the Ga-rich condition. Since the growth temperature is high ͑788°C͒, the excess Ga atoms have enough kinetic energy to distribute uniformly on the surface during the growth and avoid the formation of Ga droplet which is always observed at the low-temperature growth in Ga-rich condition. 13, 14 As the ratio increases to 17.5 and 22.5, the RHEED in Fig. 1͑a͒ shows streaky patterns, and no reconstructed surface appears there. It indicates that the Ga atoms on top of the surface are reduced. When the ratio keeps increasing, a transition is observed where the truncated streaks turn into spots, ͓see the RHEED pattern for the ratioϭ35.0 in Fig. 1͑a͔͒ . The spotty patterns indicate a 3D diffraction, which is from a surface with high-aspectratio mesas. In other words, the RHEED patterns exhibited a growth transition from the 2D to 3D mode on the hightemperature substrate ͑788°C͒ as the N/Ga ratio varied from 15.0 ͑Ga rich͒ to 35.0 ͑N rich͒. This transition was checked with the scanning electron microscope ͑SEM͒ imaging of the surface. Figure 1͑b͒ shows the top view of SEM imaging for these samples. It is obvious that the morphology shows a smooth and flat surface for the cases of Ga-rich conditions ͑15.0 and 17.5͒: A 2D growth. When the ratio increases to 22.5, the trenches appear on the surface. As the ratio keeps increasing to 30.0, large sized terraces are formed on the surface. The size of the terraces become smaller when the ratio turns to 35.0, but the aspect ratio ͑height/diameter͒ of the terraces becomes very large, resulting in the high-aspectratio mesas. The growth mode is 3D. The results of ex situ FESEM imaging are consistent with the in situ RHEED patterns in Fig. 1͑a͒ . It is noted that at high temperatures there is no large sized Ga droplet shown even in the Ga-rich condition (ratioϭ15.0).
As we mentioned before, three characteristic growth regimes were identified in the growth diagram in Fig. 1 of Ref.
14: ͑i͒ Ga droplets Ga-stable regime, ͑ii͒ intermediate Gastable regime, and ͑iii͒ N-stable regime. Within the Ga-stable regime ͑Ga rich͒, excess Ga atoms accumulated on the surface to form large sized Ga droplets during growth at tem-peratures Ͻ750°C. Within the intermediate Ga-stable regime, excess Ga atoms formed a steady layer without the formation of Ga droplets. Within the N-stable regime ͑N rich͒, the surface showed highly pitted features due to the deficiency of Ga.
14 A similar transition of 2D-to-3D growth was reported by Tarsa and co-workers 11 at the growth temperature of 650°C. It is noted that they varied the Ga/N flux ratio in a different way: They varied the Ga flux from Ga rich to N rich and kept the N flux constant during growth. 11 They found that the films exhibited a surface with large sized Ga droplets in the Ga-stable regime ͑2D-like growth͒, but the features of the Ga droplets became rough and grainlike in the N-rich regime ͑3D-like growth͒. At the temperature of 650°C, the growth window is very narrow for the intermediate Ga-stable regime. Because the boundary lines between the Ga-droplet regime and intermediate regime, or the intermediate regime and N-stable regime have Arrhenius dependence with growth temperature, the window of intermediate regime increases with the growth temperature. When the growth temperature increased to 720°C, Heying and co-workers 13, 14 showed the surface morphologies for these three regimes, revealing that the 2D growth mode gave rise to quite smooth terraces separated by monolayer-high steps in the Ga-droplet regime ͑Ga stable͒ and large flat smooth mesas separated by faceted trenches in the intermediate Gastable regime. But a rougher and heavily pitted surface appeared in the N-stable regime ͑3D growth͒. However, at higher temperatures ͑788°C, in our case͒, the growth condition is outside of the Ga-droplet boundary and is located either in the intermediate Ga-stable regime or in the N-stable regime. Therefore, there are no large sized Ga droplets on the surface even in the Ga-rich condition, i.e., the ratioϭ15.0 in our case as shown in Fig. 1͑b͒ . The GaN growth diagram ͑e.g., Fig. 1 in Ref. 14͒ has been determined, experimentally, for a temperature as high as 720°C, and the Ga-stable intermediate regime was extended to 800°C based on an extrapolation of Arrhenius dependence against the activation energy for Ga disassociation from liquid Ga.
14 Our result showed that the Ga droplet does not favor forming on top of the surface at a higher temperature ͑e.g., 788°C͒ even in the Ga-rich conditions due to the high kinetic energy of a Ga atom. The result is consistent with the prediction from the Arrhenius dependence of GaN growth diagram in Fig. 1 of Ref. 14. The transition of 2D-to-3D growth occurs within the intermediate Ga-stable regime in our case. The 2D-to-3D growth transition was also evaluated by the growth rate versus N/Ga ratio. The thicknesses of these samples was determined from the cross-sectional FESEM image. They are 0.8983, 1.1568, 1.4364, 1.5678, and 1.7669 nm for these five samples with N/Ga equal to 15.0, 17.5, 22.5, 30.0 and, 35.0, respectively. The growth rate ͑thickness/growth time͒ against the N/Ga ratio is shown in Fig. 2 . It is very obvious that there is a difference in the growth rate between the 2D growth (slopeϭ0.39Ϯ0.06) and the 3D growth (slopeϭ0.14 Ϯ0.03).
To investigate the microstructure of these samples, cross-sectional TEM imaging was performed with two-beam conditions. For GaN thin films, the dislocation structure consists of mixed threading dislocations ͑Burger's vector b ϭ1/3͓112 3͔) and pure edge dislocations (bϭ1/3͓112 0͔). The pure edge dislocations are invisible under the g ϭ͓0002͔ imaging conditions, but the mixed threading dislocations can be observed in both gϭ͓0002͔ and ͓hki0͔. Figure 3 shows the cross-sectional TEM imaging of these samples along ͓Fig. 3͑a͔͒ ͓112 0͔ and ͓Fig. 3͑b͔͒ ͓0002͔ azimuth. In Fig. 3͑a͒ , we found that the high density of the mixed threading dislocations and pure edge dislocations appeared in the Ga-rich growth conditions (N/Gaϭ15.0 and 17.5͒, and the density was reduced under the N-rich growth conditions ͑30.0 and 35.0͒. By comparing with ͓0002͔ azimuth TEM imaging in Fig. 3͑b͒ , where the pure edge dislocations are invisible, we found that the screw-type mixed threading dislocations occurred in all samples, but the sample of N/Gaϭ22.5 had the lowest density. In addition, the surface morphologies of terraces and mesas, observed in Fig. 1͑b͒ , were also shown in the TEM features for the samples of (N/Gaϭ30) and (N/Gaϭ35), respectively. It shows that the shallower pitted structures are terminated by the edge dislocations which are dominant in Ga-rich regime, and the larger deeper pitted structures seem to be terminated by mixed threading dislocations which probably play a role in the 3D growth in N-rich regime.
The PL measurement was performed at room temperature to evaluate the optical properties on these samples. Figure 4͑a͒ shows the results of the PL spectra. The major peak shown in Fig. 4͑a͒ indicates the band-edge transition of GaN films ͑band gapϭ3.44 eV at 300 K͒, and the small peaks shown in the right-hand side shoulder of the major peak are attributed to the longitudinal optical phonon replica of free exciton. 3 The energy of the major peaks and their full width at half maximum ͑FWHM͒ are shown in Fig. 4͑b͒ . The bandedge transition energy is 3.419 eV ͑at wavelength ϭ362.8 nm) in N/Gaϭ15.0 sample, and decreases to 3.405 eV ͑at 364.2 nm͒ in N/Gaϭ35.0 sample. It is known that the PL band-edge transition energy will shift to a higher energy as the compressive stress in GaN films increases. 15 We attribute the lower PL transition energy to the thickness of N/Gaϭ35.0 sample, which has the thickest GaN film, and the compressive stress is appropriately relaxed in the 3D growth. The results are consistent with the thickness observed in FESEM imaging, or the growth rate in Fig. 2 .
The microstructure of the samples was studied using the HRXRD measurement along symmetry GaN ͓0002͔ and asymmetry GaN ͓101 2͔. Figure 5 shows the x-ray diffraction curves for symmetry GaN ͓0002͔ versus the N/Ga ratio. The FWHM for the symmetry ͓0002͔ and asymmetry ͓101 2͔ are plotted in the inset of Fig. 5 . Since the scatterings from the screw-type or mixed threading dislocations will broaden the FWHM of the symmetry ͓0002͔ curve, the narrower the FWHM of the sample, the lower is the density of its dislocations. In the inset, we found that the sample of N/Ga ϭ22.5 had the smallest FWHM along symmetry ͓0002͔. This indicates that the sample of N/Gaϭ22.5 has the smallest density of screw-type mixed threading dislocations. Broadening of the asymmetric curve reveals the information of defect structure including the pure edge dislocations. The FWHM of asymmetry ͓101 2͔ in the inset of Fig. 5 reflects the overall dislocations in the samples. Therefore, we may conclude that the samples of N/Gaϭ30.0 and 35.0 have the lowest density of all dislocations, while the sample of N/Gaϭ22.5 has the lowest density in the screw-type threading dislocations, which is consistent with the observation in TEM imaging ͑see Fig. 3͒ . We also performed the van der Pauw Hall measurement at room temperature on these samples, and the results are shown in Fig. 6 . We found that the ''V-shaped'' characteristic, shown in the carrier concentration versus N/Ga ratio, is very similar to that for the FWHM versus N/Ga ratio in HRXRD curve along ͓0002͔ direction ͑Fig. 5͒. Both V-shaped characteristics have the smallest values in the sample of N/Gaϭ22.5. In other words, it reveals that the source of electron carriers in these undoped GaN samples probably come from the screw-type mixed threading dislocations. The carrier mobility at room temperature is dependent on many factors, such as scatterings with dislocations, defects, phonons, or other charged carriers. The mechanism to determine the mobility of these samples is under investigation by using temperature-dependent van der Pauw Hall measurement for the temperatures from 300 K down to 4.2 K, which can provide the information about the dominant scattering mechanism, e.g., threading dislocations or phonons, at high temperature.
IV. CONCLUSION
We have studied the GaN surface morphology grown at temperature 788°C using plasma-assisted MBE. We found that the surface morphology is dependent on the N/Ga ratio. At high temperatures, the Ga droplet does not favor forming on top of the surface ͑e.g., 788°C͒ even in the Ga-rich conditions due to the high kinetic energy of the Ga atom. The result is consistent with the prediction from the Arrhenius dependence of GaN growth diagram in Fig. 1 of Ref. 14. We also observed the transition of 2D-to-3D growth in the intermediate Ga-stable regime. In the high N/Ga ratio, the total dislocations are reduced, while the mixed threading dislocations have the minimum value at N/Gaϭ22.5. By comparing with Hall carrier concentration results, we found that the threading dislocations play a role in the contribution of electron carriers. The results provide the information to complete the growth diagram of GaN epitaxial films and allow us to approach the growth window of the optimal condition for the high-quality GaN heterostructures.
